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Pro-apoptotic miRNA-128-2 modulates ABCA1, ABCG1 
and RXRa expression and cholesterol homeostasis 

YK Adlakha 1 , S Khanna 1 , R Singh 1 , VP Singh 2 , A Agrawal 2 and N Saini*' 1 

Aberrant regulation of cholesterol homeostasis is associated with obesity as well as multiple types of cancer. However, the 
mechanism behind these is largely missing. Here, we show that microRNA (miRNA)-128-2 is not only a pro-apoptotic microRNA 
but it also alters the expression of genes involved in cellular cholesterol homeostasis. Cholesterol efflux via ATP-binding 
cassette transporters (ABCA1 and ABCG1) is a mechanism for cells to eliminate excess cholesterol and prevent cellular 
cholesterol accumulation. The regulation of these pathways is complex with transcriptional regulation by sterol-regulatory 
element-binding protein (SREBP) and liver X receptor/retinoid X receptor (RXR) transcription factors but poorly understood at 
the post-transcriptional levels. MiR-128-2 increases the expression of SREBP2 and decreases the expression of SREBP1 in 
HepG2, MCF7 and HEK293T cells independent of sirtuin 1 (SIRT1) status. MiR-128-2 inhibits the expression of ABCA1, ABCG1 
and RXRa directly through a miR-128-2-binding site within their respective 3'untranslated regions. The administration of miR- 
128-2 leads to decline in the protein and mRNA levels of ABCA1, ABCG1 and RXRa. Conversely, anti-miRNA treatment leads to 
increased ABCA1, ABCG1 and RXRa expression. The inverse correlation between miR-128-2 and its targets viz. ABCA1 and 
ABCG1 was also established during high-fat diet in different mice tissues. Our data show that cholesterol efflux is attenuated by 
miR-128-2 overexpression and, conversely, stimulated by miR-128-2 silencing. Further, we also observed the induction of ER 
stress response by miR-128-2. In this study, we provide the first evidence of miR-128-2 to be a new regulator of cholesterol 
homeostasis. Our study shows dual role of miR-128-2, as a pro-apoptotic molecule as well as a regulator of cholesterol 
homeostasis. 
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Cholesterol is a lipid component of cell membranes that 
regulates membrane fluidity and is a part of membrane 
signaling systems. It also functions in intracellular transport, 
nerve conduction and cell proliferation. 1 It is not only important 
in the pathogenesis of cardiac diseases but insufficient or 
excessive cellular cholesterol results in several pathological 
processes including diabetes, atherosclerosis, metabolic 
syndrome and neurodegenerative diseases like Alzhei- 
mer's. 2 " 6 Recently, connection between aberrant regulation 
of cholesterol homeostasis and multiple types of cancer has 
also been established. 7-11 

Cholesterol levels are maintained through a tightly regu- 
lated and complex mechanism that includes the de novo 
biosynthesis, internalization of exogenous cholesterol and 
efflux of excess cholesterol. These mechanisms are regulated 
by transcription factors such as sterol-regulatory element- 
binding protein (SREBPs) and Liver X receptors (LXRs). The 
SREBP transcription factors regulate the expression of genes 
involved in cholesterol biosynthesis and cellular uptake. 12 
LXR/retinoid X receptor (RXR) functions as a sensor of 



cellular cholesterol concentration and mediates cholesterol 
efflux by inducing the transcription of key cholesterol shuffling 
vehicles namely, ATP-binding cassette transporters (ABCA1 
and ABCG1 ) and apolipoprotein E and thus maintains cellular 
sterol homeostasis. 13 ' 14 

Recently, a class of noncoding RNAs called microRNAs 
(miRNAs) have emerged as critical regulators of gene 
expression, acting predominantly at the post-transcriptional 
levels. 15-17 miRNAs hybridize to mRNA sequences that are 
frequently located in the 3' UTR (untranslated region), and a 
single miRNA could target more than one hundred mRNAs. 
Although the role for miRNAs in regulating multiple physiolo- 
gical processes including apoptosis, cell differentiation and 
proliferation is well known, 18-22 the importance of these tiny 
RNAs in regulating cholesterol and lipid metabolism is still in 
infancy. Till date, only miR-33, 23 miR-122, 24 miR-758 25 and 
miR-370 26 have been reported to regulate cholesterol 
homeostasis. 

Our earlier studies showed that miR-128-2 induces 
apoptosis and is an endogenous regulator of Sirtuin 1 
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(SIRT1). ' In the current study, we showed that miR-128-2 
also directly targets ABC transporters (ABCA1 and ABCG1) 
and RXRa and regulates cellular cholesterol efflux. Further- 
more, miR-128-2 significantly increased the expression of 
SREBP2 in HepG2, MCF7 and HEK293T cells. In conclusion, 
we identified that miR-128-2 is not only a pro-apoptotic 
molecule but is also a regulator of cholesterol metabolism, 
thus might be opening new avenues for the treatment of 
diseases besides cancer. 

Results 

MiR-128-2 induces apoptosis and modulates sterol 
regulatory element-binding proteins (SREBPs). Previously 
we have shown that miR-128-2 induces apoptosis in a 
p53-dependent and -independent manner by downregulation 
of SIRT1. 28 Literature reveals that SIRT1, a NAD-dependant 
deacetylase, is a key regulator of energy homeostasis and 
has a role in lipid and glucose metabolism. Hence, we 
next hypothesized that miR-128-2 might be regulating 
cholesterol and lipid metabolism also. Our hypothesis was 
further strengthened during the Ingenuity Pathway Analysis 
of our microarray data (described earlier, GEO accession 
number GSE31297 28 ), where we observed cholesterol 
metabolism and fatty acid biosynthesis as one of the topmost 
toxicology functions and canonical pathways, respectively, 
(Supplementary Figures S1a and b). 

To test our hypothesis that miR-1 28-2 regulates cholesterol 
and fatty acid homeostasis, we herein transfected HepG2, 



MCF7 and HEK293T cells with p(128) (miR-128-2 expression 
vector) and confirmed the increase in the levels of mature 
form of miR-128-2 by 7.15-fold, 11.2-fold and 8.8-fold in 
HepG2, MCF7 and HEK293T cells, respectively, using 
TaqMan-based real-time PCR assay (Figures 1a and b, 
Supplementary Figure S1c). Consistent to our previous 
findings, the pro-apoptotic nature of miR-128-2 was also 
assessed using annexin asssay in all the three cell lines. 
The annexin assay showed that the annexin-positive cells 
increased to 28.2 ±0.8% (P<0.05) after overexpression of 
p(1 28) in HepG2 cells as compared with 4.2 ± 0.2% (P< 0.05) 
in untransfected HepG2 cells (Figure 1c). Similar increase in 
the number of annexin-positive cells was also observed after 
p(128) overexpression in MCF7 as well as HEK293T 
(Figure 1d, Supplementary Figure S1d). 

Literature reveals that the uptake and synthesis of 
cholesterol is regulated by SREBPs, whereas cholesterol 
efflux is regulated by LXRs 12 ' 29 (Supplementary Figure S1e). 
SREBP1 targets genes involved in fatty acid metabolism and 
SREBP2 targets genes specific to cholesterol synthesis. 30 
Hence, we next assessed the transcript levels of SREBP2 
and SREBP1 in HepG2, MCF7 and HEK293T cells after 
overexpression of p(128). Transfection of p(128) significantly 
increased the mRNA levels of SREBP2 (by 1.75-fold in 
HepG2, by 1.67-fold in MCF7 and by1 .73-fold in HEK293T) 
and decreased the mRNA levels of SREBP1 (by 1.81 -fold in 
HepG2, by 1.85-fold in MCF7 and by 1.72-fold in HEK293T) 
as compared with negative control (Supplementary 
Figures S2a and b). Consistent to RT-PCR data, miR-128-2 
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Figure 1 (a and b) Taqman assay for mature miR-1 28 in HepG2 (a) and MCF7 (b) cells showing overexpression of miR-128-2 in cells transfected with 4 p(128). 
n = 3± S.E.M.; *P<0.05. U= untransfected, p(128) = cells transfected with 4 jag p(128), N= negative control, (c and d) Annexin V-staining shows that miR-128 induces 
apoptosis in HepG2 (c) and MCF7 (d) cells as described in 'Materials and methods'. % here indicates the percentage of dead cells. Representative of three independent 
experiments is shown here (n = 3; P<0.05) 



Cell Death and Disease 



miRNA-128-2 regulates cholesterol metabolism 

YKAdlakhaef al 



significantly increased the levels of cleaved form (active) of 
SREBP2 and decreased the levels of SREBP1 in HepG2, 
MCF7 and HEK293T cells (Figures 2a-d and Supplementary 
Figures S2c and d) as compared with negative control. 
To determine the role of SIRT1 in modulating SREBP 
transcription factors, western blot analysis and real-time 
assay were performed for SREBP2 and SREBP1 in the 
presence or absence of SIRT1 siRNA/open reading frame 
(ORF) in all the three cell lines. Downregulation of SIRT1 by 
SIRT1 siRNAand upregulation ofSIRTI bySIRTI ORF were 
confirmed by western blot analysis (Supplementary Figures 
S2g and h). Our western blot data showed increase in the 
levels of cleaved form (active) of SREBP2 in all the cell lines 



(Figures 2e, f, i and j, Supplementary Figures S2e and f) 
irrespective of SIRT1 expression. However, only in HepG2 
cells SREBP1 expression was altered in the presence of 
SIRT1 siRNA/ORF in concordant to miR-128-2. In consistent 
to miR-128-2 modulation of SREBPs, significant changes 
were observed by real-time assay after the transfection of 
SIRT1 siRNA/ORF only in HEK293T cells for SREBP2 and 
only in MCF7 cells for SREBP1 (Supplementary Figures S2a 
and b). All these results suggest that SREBPs are regulated in 
a SIRT1 -independent manner. 

MiR-128-2 regulates genes of cholesterol homeostasis. 

To confirm our hypothesis that miR-128-2 regulates cholesterol 
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Figure 2 MiR-128-2 regulates genes of cholesterol/lipid homeostasis, (a) Western blot analysis for cleaved SREBP2 (a and b, e and f, i and j) and SREBP1 (c and d, g 
and h, k and I) expression after overexpression of p(128) (a-d), after overexpression of SIRT1 siRNA (e-h) and after overexpression of SIRT1 ORF (i-l) in HepG2 and MCF7 
cells. ^-Tubulin was used as a loading control. l/=untransfected, p(128) = cells transfected with p(128), N= negative control, SIRT1 siRNA (at 100 nM dose)/ 
scrambled siRNA/ SIRT1 ORF. n = 3±S.E.M.; *P<0.05 for all experiments 
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and fatty acid homeostasis, we checked the expression of 
HMG-CoA synthase (HMGCS), 3-hydroxy-3-methylglutaryl- 
CoA reductase (HMGCR) and low-density lipoprotein 
receptor (LDLR), 31 LXRa LXR/? RXRa, ABCA1 and ABCG1 
at the transcriptional level after the overexpression of p(128) 
in all the three cell lines. MiR-128-2 significantly increased 
the transcript levels of HMGCS1 and LDLR in all the cell lines 
as compared with negative control (Supplementary Figures 
S3a and b). Transcript levels of HMGCR significantly 
decreased in HepG2, insignificantly decreased in MCF7 
and did not change in HEK293T cells as compared with their 
respective negative controls (Supplementary Figure S3c). 
We further observed slight to moderate but significant 
increase in LXRa levels in HepG2 and MCF7 cells, whereas 
no significant changes occurred in HEK293T after the 
overexpression of p(128) (Supplementary Figure S3d). 
miR-128-2 also significantly decreased the transcript levels 
of LXR/? RXRa ABCA1 and ABCG1 in all three cell lines as 
compared with negative control (Supplementary Figures 3e-h). 
In addition, miR-128-2 significantly decreased the mRNA 
levels of fatty acid metabolism genes such as acetyl CoA 
carboxylase alpha, fatty acid synthase, Stearoyl-CoA 
desaturase 1 32-36 in HEK293T cells, and this may be due 
to decrease in SREBP1 protein after the overexpression of 
p(128) (Supplementary Figures S4a-c). Significant changes 
were not observed in cholesterol and fatty acid homeostasis 
genes at the RNA levels in the presence and absence of 
SIRT1 (Supplementary Figures S3a-h), thereby confirming 
that SIRT1 is not having a role in their modulation. 

MiR-128-2 directly targets ATP-binding cassette 
transporters — ABCA1 and ABCG1. It is well established 
that miRNAs regulate gene expression post-transcriptionally 
by binding to the 3' UTR and repress protein production by 
destabilizing the mRNA or translational silencing. 37 Hence, 
we next performed in-silico analyses to determine whether 
any of the cholesterol metabolism gene(s) is predicted target 
of miR-128-2. Using different target prediction algorithms, 
TargetScan, miRanda, RNAHybrid, 38-40 we determined that 
the transcripts of ABCA1, ABCG1, RXRa, PPARa and LDLR 
harbored the putative binding sites for miR-128-2 in their 
respective 3'UTRs. 

There was complete complementarity between the seed 
region of miR-128-2 and ABCA1 3'UTR (2592-2598 
nucleotide) and ABCG1 3'UTR (34-40 nt) along with a few 
supplementary pairing sites at the 3'end of miR-128-2 
(Figures 3a and g). This perfect complementarity binding site 
was highly conserved among different species of mammals, 
which further strengthened the likelihood of a physiological 
role of miR-128-2 in regulating cholesterol homeostasis 
(Supplementary Figures S5a and b). To determine whether 
ABCA1 and ABCG1 are direct targets of miR-128-2, 
HEK293T cells were transfected with ABCA1/ABCG1 
luciferase reporter constructs containing their full 3'UTRs in 
the presence or absence of p(128) and/or anti-miR-128 in a 
dose-dependent manner. Co-transfection of p(128) resulted 
in a decrease in luciferase activity by 40 and 60% in ABCA1 
and 30 and 66% in ABCG1 reporter constructs as compared 
with negative control, in HEK293T cells (Figures 3b and h). 
However, this suppression was relieved by transfection with 



anti-miR-128 in a dose-dependent manner as compared with 
scrambled anti-miR (SAM) (Figures 3b and h), thereby 
demonstrating that miR-128-2 directly targets ABCA1 and 
ABCG1 3'UTR. 

Because of very low expression of ABCA1 and ABCG1 in 
HEK293T cells, the endogenous levels of ABCA1/ABCG1 
were determined after overexpression of p(128) in a 
dose-dependent manner in HepG2 and MCF7 cells. 
MiR-128-2 significantly decreased the ABCA1 and ABCG1 
protein levels (Figures 3c and i and Supplementary Figures 
S6a and e), and the suppressive effect was abolished by 
anti-miR-128 in a dose-dependent manner in both the cell 
lines (Figures 3d and j and Supplementary Figures S6b and f). 
Simultaneously, ABCA1/ABCG1 mRNA levels were also 
found to be significantly decreased after overexpression of 
p(128) in comparison with negative control (Figures 3e and k 
and Supplementary Figures S6c and g) and markedly 
increased after transfection with anti-miR-128 in comparison 
with SAM in HepG2, MCF7 and HEK293T cells (Figures 3f 
and I and Supplementary Figures S6d and h). Similar results 
were observed in HEK293T cells also (Supplementary 
Figures S5c and d). 

MiR-128-2 negatively regulates nuclear hormone receptor 
RXRa. During the target search for miR-128-2, we observed 
another miR-128-2 response element in the 3'UTR of RXRa 
using the same algorithms as described above. Complete 
complementarity was found between the 2-7 nt (hexamer) of 
seed region of miR-128-2 and the 3'UTR of RXRa (from 3804 
to 381 Ont) (Figure 4a). Multiple sequence alignment 
revealed the conservation of this hexamer among different 
species of mammals (Supplementary Figure S5e). To assess 
whether RXRa is a direct target of miR-128, a dual-luciferase 
reporter assay was performed. HEK293T cells were trans- 
fected with RXRa reporter construct in absence or in 
presence of miR-128-2 or in combination with anti-miR-128. 
MiR-128-2 decreased the luciferase activity by 25 and 60% in 
a dose-dependent manner, and anti-miR-128 increased the 
luciferase activity by 40 and 55% at 30nM and 60 nM 
concentration, respectively, in HEK293T cells (Figure 4b). 
We also assessed the changes in the endogenous levels of 
RXRa after the overexpression of p(128) and found that 
miR-128-2 significantly decreased the protein levels of RXRa 
as compared with negative control in HepG2 and MCF7 cells 
in a dose-dependent manner (Figures 4c i-ii). Furthermore, 
our results also show that RNA levels of RXRa were 
decreased by miR-128-2 and increased by anti-miR in 
HepG2 cells, thereby confirming that miR-128-2 directly 
targets RXRa (Figures 4d and e). 

Taken together, all these results suggest that miR-128-2 
inhibits the expression of human ABCA1, ABCG1 and 
RXRa by targeting their respective 3'UTRs. Whether 
PPARa and LDLR are direct targets of miR-128-2, needs 
validation. 

miR-128-2 regulates ABCA1, ABCG1 and RXRa in a 
SIRT1 -dependent and -independent manner. To eluci- 
date the role of SIRT1 in post-transcriptional regulation of 
ABCA1, ABCG1 and RXRa, we next performed western blot 
analysis in HepG2 and MCF7 cells in the presence or 
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Figure 3 MiR-128-2 directly targets ATP-binding cassette transporters- ABCA1 (a-f) and ABCG1 (g-l). (a) Schematic representation of ABCA1 mRNA with the predicted 
binding site of miR-128-2 in its 3'UTR. Complete complementarity between first eight nucleotides of miR-128-2 (seed sequence from 5' end) and its target ABCA1 3'UTR (from 
2592 to 2598 nt) along with a few supplementary pairing sites at the 3'end of miR-128-2 is shown in red colored, bold letters, (b) Luciferase activity was measured in HEK293T 
cells after co-transfection with ABCA1 3'UTR (wild-type) with either 200 or 400 ng p(128) or negative control or in combination with 400 ng p(128) + anti-miR-128 at 30 or 
60 nM or with SAM. Luminescence was measured at 24 h post transfection. The luciferase activity relative to pMIR-control vector (intact) was plotted. The bar diagram 
represents mean ± S.E.M. for three independent experiments. *P<0.05. (c-d) Western blot analyses of ABCA1 protein expression in HepG2 after 24 h of transfection of 
p(128) (c) or anti-miR-128 (d) in a dose-dependent manner. ^-Tubulin served as a loading control. Bar diagram represents the integrated densitometric values normalized to 
^-tubulin. U= untransfected, 2 = cells transfected with 2 p(128), 4 = cells transfected with 4 ^g p(128), N= negative control, AM 100 = cells transfected with 100 nM anti- 
miR-128, AM 200 = 200 nM anti-miR-128, SAM = Scrambled anti-miR. (e and f) RT-PCR analyses of ABCA1 mRNA in p(128) (e) or anti-miR-128 (f) transfected HepG2 cells. 
18s rRNA was used for the normalization. n = 3±S.E.M.; *P<0.05 for c-f panels. AM = anti-miR-128, SAM = scrambled anti-miR. (g-l) represents data for similar 
experiments for ABCG1 in HepG2 cells 



absence of SIRT1 siRNA/ORF. We observed that SIRT1 
siRNA significantly down regulates, whereas SIRT1 ORF 
upregulates ABCA1 in both HepG2 and MCF7 cells 
(Figures 5a-d). This suggests that miR-128-2 might be 
regulating ABCA1 in both HepG2 and MCF7 cells in a 
SIRT1 -dependent manner. However, we observed that 
miR-128-2 regulates ABCG1 in a SI RT1 -dependent manner 
in HepG2 cells and in a SIRT1 -independent manner in MCF7 
cells (Figures 5a-d). Our data further show that miR-128 



downregulates RXRa in a SI RT1 -independent manner in 
both HepG2 and MCF7 cells (Figures 5a-d). 

Taken together, these results suggest that miR-128-2 
inhibits the expression of ABCA1, ABCG1 and RXRa in a 
SI RT1 -dependent and -independent manner. 

Alteration of miR-128-2 expression modulates cholesterol 
efflux. Literature reveals that T0901317 is a LXR agonist, 
which increases the expression of LXR target genes 
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Figure 4 MiR-128-2 negatively regulates nuclear hormone receptor RXRa. (a) Schematic representation of RXRa mRNA with miR-128-2-binding site (seed hexamer) in 
its 3'UTR along with a few supplementary binding sites, shown in red color and bold letters, (b) Luciferase activity was measured as described in Materials and methods. The 
luciferase activity relative to pMIR-control vector (intact) was plotted. The bar diagram represents mean ± S.E.M. for three independent experiments. *P<0.05. (c) Western 
blot analyses of RXRa protein expression in HepG2 (c(i)) and MCF7 cells (c(ii)) after 24 h of transfection of p(128). ^-Tubulin served as a loading control. Bar diagram 
represents the integrated densitometric values normalized to ^-tubulin, (d and e) RT-PCR analyses of RXRa mRNA in p(128) (d) or anti-miR-128 (e) transfected HepG2 cells. 
18s rRNA was used for the normalization. l/=untransfected, p(128) = cells transfected with 4|ig p(128), N = negative control, AM = cells transfected with 100 nM 
anti-miR-128, SAM = scrambled anti-miR. n = 3±S.E.M.; *P<0.05 for c-e panels 



including ABCA1 andABCGI and thus facilitates cholesterol 
efflux. 41 To further confirm our findings, we examined the 
endogenous levels of ABCA1 and ABCG1 in the presence or 
absence of this ligand after the overexpression of p(128) or 
anti-miR-128. Transfection of HepG2 cells with p(128) 
repressed the stimulation of ABCA1 and ABCG1 protein 
levels by T0901317 as compared with negative control 
(Figures 6a and c). However, treatment with anti-miR-128 
reversed the effect of miR-128-2 by increasing the stimula- 
tion of ABCA1 and ABCG1 protein levels by T0901317, in 
comparison with SAM (Figures 6b and d). ABCA1 and 
ABCG1 are associated with export of excess cellular 
cholesterol, hence, we next hypothesized that miR-128-2- 
dependent repression of ABCA1, ABCG1 and RXRa might 
affect cellular cholesterol efflux in vitro also. To test this, cells 
were treated with BODIPY-labeled cholesterol and trans- 
fected with p(128)/negative control/anti-miR-128/SAM along 
with LXR agonist T0901317 as a positive control as 
described in Materials and methods. Twenty-four hours post 
transfection, the BODIPY fluorescence was measured in the 
supernatants. Cholesterol efflux was significantly reduced by 



miR-128-2 in all the cell lines by the repression of ABCA1 
and ABCG1 as compared with LXR agonist T0901317 
(Figure 6e). However, antagonism of endogenous miR-128-2 
by anti-miR-128 increased the cholesterol efflux from 
HepG2, MCF7 and HEK293T cells in comparison with 
SAM (Figure 6e). As the overexpression of p(128) caused 
reduction in cholesterol efflux and increased SREBP2 levels 
at both RNA and protein levels (Supplementary Figures S2a 
and c and Figures 2a and b), we speculated that it could 
cause cellular cholesterol accumulation. Therefore, cellular 
cholesterol levels were quantified after the overexpression of 
p(128) and anti-miR-128 in HEK293T and HepG2 cells. 
As shown in Figure 6f, transfection of both the cell lines 
with p(128) enhanced the cellular cholesterol levels by 
1.59-fold in HepG2 cells and by 2.57-fold in HEK293T 
as compared with their respective negative controls. 
Conversely, silencing miR-128-2 using anti-miR-128 resulted 
in decreased cellular cholesterol levels by 1 .96-fold in HepG2 
and by 1.89-fold in HEK293T cells in comparison with p(128) 
(Figure 6f). Taken together, these data suggest that cellular 
miR-128-2 levels modulate cholesterol efflux. 
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Figure 5 Role of SIRT1 in regulation of ABCA1 , ABCG1 and RXRa. (a-b) Western blot analysis for ABCA1 , ABCG1 and RXRa expression after overexpression of SIRT1 
siRNA (a) and after overexpression of SIRT1 ORF (b) in HepG2 cells, (c-d) represents western blot data for ABCA1 , ABCG1 and RXRa expression after overexpression of 
SIRT1 siRNA (c) and after overexpression of SIRT1 ORF (d) in MCF7 cells. ^-Tubulin served as a loading control. Bar diagram represents the integrated densitometric values 
normalized to p tubulin, n = 3 ± S.E.M.; *P< 0.05 for all panels 



Dietary regulation of miR-128 in mice tissues. The 

mature sequence of miR-128-2 is highly conserved among 
different species from Zebra fish to human (Supplementary 
Figure S7a), hence we next examined the in vivo distribution 
of miR-128 in different normal tissues of C57BL6 mice. 
miR-128 was highly expressed in the brain, heart and spleen 
as compared with the kidney and liver (Figure 7a). Highest 
expression of miR-128 in the brain was expected as miR-128 
is a brain-enriched microRNA. To determine whether 
miR-128, ARPP21 , SREBP2 and targets of miR-128 (ABCA1 
and ABCG1) are regulated under different physiological 
conditions, henceforth, the expression of miR-128 and 
respective genes was measured in mice fed either normal 
or a high-fat diet for 14 weeks. C57BL6 mice treated with a 
high-fat diet showed a significant increase in body weight, 
serum triglyceride and cholesterol levels (Figures 7b-d). 
Levels of miR-128 were reduced upon high-fat diet as 
compared with normal diet in the brain, liver, kidney and 
heart and there was no change in the levels of miR-128 in the 
spleen (Figure 7e). Similar trend (as of miR-128-2) was 
observed for ARPP21 , the gene that harbors miR-128-2 in its 
intron, in all the tissues except the spleen upon high-fat diet. 
Conversely, mRNA levels of ABCA1 and ABCG1 were 
increased in the brain, liver, kidney and heart, thus 
maintaining the inverse correlation with the expression of 
miR-128 (Figure 7e). Similar to miR-128 levels, SREBP2 
mRNA levels were found to be decreased in corresponding 
tissues viz. the brain, liver and kidney but not in the heart and 
spleen upon high-fat diet as compared with normal diet 
(Figure 7e). This was expected as cells respond to high 
cholesterol levels by shutting down the cholesterol synthetic 



machinery (decreased SREBP2 expression). The reason 
behind the reduced expression of miR-128 during high-fat 
diet could be the decreased SREBP2 expression. Our search 
for the transcription factor binding sites in the ARPP21 gene 
by TRANSFAC software (TRANS FAC Professional 12.1, 
Biobase, Germany) revealed the presence of SREBP 
transcription factor binding site in the promoter region of 
ARPP21 gene (Supplementary Figure S7b). 

Several evidences in the literature suggested that 
cholesterol has a role in the regulation of programmed cell 
death under various stimuli. 43-45 In the current study, we have 
also observed significant induction of ER stress inducible 
genes Bip, DDIT3 and ER01a (Figures 8a-c) after over- 
expression of p(128) in HepG2 cells. Similar to our results, 
Seimon et al. and Feng et al. 45,46 recently demonstrated that 
cholesterol loading of ER membrane triggers unfolded protein 
response which eventually lead to the induction of apoptosis. 
We speculate that ER stress, cholesterol metabolism and pro- 
apoptotic activity of miR-128-2 are linked but this aspect needs 
further investigation. 

Discussion 

Cholesterol is an important component of cell membrane and 
also serves as a precursor for the synthesis of steroid 
hormones and bile acids. Here, we show that a miRNA that 
has been previously shown to be associated with cancer and 
apoptosis 27 ' 47 ' 48 also influences the cholesterol metabolism. 
We found that miR-128-2 not only induces apoptosis but 
also post-transcriptionally regulates the cholesterol transpor- 
ters ABCA1, ABCG1 and cholesterol sensor receptor RXRa 
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Figure 6 Alteration of miR-128-2 expression modulates cholesterol efflux, (a-d) Western blot analysis of ABCA1 (a and b), ABCG1 (c and d) and ^-tubulin in HepG2 cells 
transfected with p(128) or negative control (a,c), anti-miR-128 or SAM (b,d) in the presence or absence of LXR agonist T0901317. Bar diagram represents the integrated 
densitometric values normalized to ^-tubulin. Data are mean ± S.E.M. from three independent experiments. *P< 0.05. (e) BODIPY-cholesterol efflux assay in HepG2, MCF7 
and HEK293T cells. Cells were incubated with 25 fM BODIPY-cholesterol for 2 h, rinsed and transfected with p(128) or anti-miR-128 as described in Materials and methods. 
LXR agonist T0901317 was also added to the cells wherever indicated. After 24 h, the BODIPY fluorescence intensity was measured. The data are expressed as the 
mean ± S.E.M. of four independent experiments performed in triplicates. *P<0.05. (f) The total cholesterol levels were measured in HepG2 and HEK293T cells transfected 
with p(128) or anti-miR-128 and normalized to total protein. N= negative control, SAM = scrambled anti-miR. Data are mean ± S.E.M. from three independent experiments. 
*P<0.05 
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Figure 7 Dietary regulation of miR-128 in mice tissues, (a) Expression profile of miR-128 in different C57BL6 mice tissues byTaqman assay (n=4). (b-d) Body weight 
(b), serum triglycerides (c) and cholesterol levels (d) of C57BL6 mice on normal and high-fat diet were measured and plotted as graph, (e) Expression profile of miR-128, 
ARPP21, SREBP2, ABCA1 and ABCG1 in different tissues of C57BL6 mice fed a normal (ND) and high-fat diet (HFD). (n=4). Data are mean ± S.E.M. from three 
independent experiments for all panels. *P<0.05 
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Figure 8 (a-c) Western blot analysis of ER stress-induced proteins Bip, DDIT3 and ER01a and /?-actin in HepG2 cells transfected with p(128) or negative control. 
U= untransfected, p(128) = cells transfected with 4 p(128), N= negative control. n = 3± S.E.M.; *P<0.05. (d) A paradigm for cholesterol homeostasis by miR-128-2. 
Bioinformatic analysis by TRANSFAC search revealed SREBP as a transcription factor of ARPP21, the gene that encodes miR-128-2. In cells, low intracellular cholesterol 
conditions induce SREBP2, which might sit on the promoter of miR-128-2 and induce its expression. The activation of miR-128-2, in turn, decreases cholesterol efflux from the 
cell by targeting ABCA1 , ABCG1 and RXRa and leads to the synthesis and accumulation of cellular cholesterol by further increasing the expression of SREBP2. Thus, the cells 
have managed to increase the cellular cholesterol during cholesterol depletion by activating the cholesterol synthesis and uptake machinery viz. SREBP2 and miR-128-2 and 
simultaneously also making sure to shut down the cholesterol export machinery via ABCA1 , ABCG1 and RXRa. This feed forward loop might be employing in cells to ensure 
minimal loss of cholesterol during conditions of very low intracellular cholesterol that could otherwise compromise cell viability 



by binding to their respective 3'UTRs and consequently 
ameliorates cholesterol efflux. We further observed that miR- 
128-2 regulates ABCA1 and ABCG1 in a SI RT1 -dependent 
manner and regulates RXRa in a SIRT1 -independent manner. 

In contrary, it boosts intracellular cholesterol accumulation 
by increasing the expression of SREBP2 (at both transcrip- 
tional and translational levels) and blows down intracellular 
fatty acid levels by decreasing the expression of SREBP1 
(at both transcriptional and translational levels). Similar to 
the findings of Puroshotham et al. and Walker et al. 49,50 
we herein also observed that SREBPs are regulated in a 
SIRT1 -independent manner. Our bioinformatic search by 
Transfac software further revealed the binding site of 
SREBP transcription factor in the promoter region of 
ARPP21, the gene that harbors miR-128-2 in its 18th intron 
(Supplementary Figure S7b). 



We hereby propose a hypothetical model (feed forward 
loop) for the regulation of cholesterol homeostasis by 
miR-128-2 (Figure 8d). We speculate that low intracellular 
cholesterol (e.g. by Simvastatin) induces the SREBP2 
expression (Supplementary Figure S7c) which might induce 
the expression of miR-1 28-2 from its host gene by sitting on its 
promoter. The activation of miR-128-2, in turn, prevents 
cholesterol from leaving the cell by targeting ABCA1 , ABCG1 
and RXRa and leads to the synthesis and accumulation of 
cellular cholesterol by further increasing the expression of 
SREBP2. Thus, SREBP2, besides having cholesterol synth- 
esis genes (HMGCS1, HMGCR, LDLR) as its targets 12 ' 31 ' 51 
might also control a miR-128-2 that is not only pro-apoptotic 
but also regulates cholesterol metabolism in harmony with 
SREBP2. MiR-128-2 seems to be a new component joining 
the SREBP2 signaling pathway besides the miR-33a. 23 
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It seems that the cells have a regulatory system to increase 
the cellular cholesterol during cholesterol depletion by 
activating the cholesterol synthesis and uptake machinery 
viz. SREBP2 and miR-128-2 and simultaneously also making 
sure to shut down the cholesterol export machinery via 
ABCA1 , ABCG1 and RXRa. We anticipate that this feed 
forward loop might be employing in cells to ensure minimal 
loss of cholesterol during conditions of very low intracellular 
cholesterol that could otherwise compromise cell viability. 
Similar trend of SREBP2, ARPP21 , miR-1 28 at RNA levels in 
mice tissues strengthens our bioinformatic predictions. 
However, our bioinformatic analyses merits further validation. 

Although cholesterol is an important component of most 
cells, its inappropriate accumulation leads to obesity, athero- 
sclerosis and diabetes. 52 ' 53 Several epidemiological studies 
have revealed that obesity increases the risk of a number 
of cancers including breast, renal, immune (leukemia, 
lymphoma, myeloma), ovarian and hepatobiliary. 54-56 However, 
the molecular mechanism linking the two is largely missing. 
Our results from mice experiments led us to further anticipate 
the mechanism underlying the molecular link between obesity 
and cancer. Hypercholesterolemia frequently occurs in 
patients with obesity and was also confirmed by us in mice 
fed a high-fat diet (Figure 7d). miR-128-2 was found to be 
significantly reduced in mice tissues (particularly in the brain, 
liver, kidney and heart) upon high-fat diet (Figure 7e). As miR- 
128-2 shows pro-apoptotic activity, 27 its reduced expression 
in obese mice might confer resistance to apoptosis and 
therefore might increase the risk of cancer. Thus, our study 
provides the deep insight into the molecular link between 
obesity and cancer. 

miRNAs have tremendous therapeutic potential for the 
treatment of various diseases. We believe miR-128-2 acts at an 
interface of cancer and obesity by being acting as a pro-apoptotic 
molecule as well as a regulator of cholesterol homeostasis. This 
seems to be interesting as same miRNA is having dual roles. By 
harboring a binding site for a key cholesterol transcription factor 
SREBP2 in promoter region of its host gene, miR-128-2, 
regulates cholesterol homeostasis in symphony with SREBP2 
along with apoptosis. Our results suggest that miR-128-2 
modulation by antagomiRs may be a useful therapeutic strategy 
for treating cardiovascular diseases. However, therapeutic 
miRNA manipulations warrant further investigations. 

Materials and Methods 

Animal experiments. Male C57BL6 mice (n=4 per group) were purchased 
from National Institute of Nutrition, Hyderabad and housed in cages in the animal 
house of the institute. Six- week-old mice were fed regular normal diet containing 
10% of the calories or a high-fat diet containing 60% calories derived from fat for 
14 weeks. The experiments were performed with the approval of Animal Ethics 
Committee of Institute of Genomics and Integrative Biology, New Delhi, India. Body 
weight of mice on normal and high-fat diet were taken. After euthanasia, the brain, 
liver, spleen, kidney and heart samples were collected, stored at - 80 °C and total 
RNA was harvested and the expression of miR-1 28, ARPP21, SREBP2 and its 
targets (ABCA1 and ABCG1) were determined using real-time PCR chemistry. 

Plasmid constructs. The sequences of the 3'UTR of ABCA1, ABCG1 
and RXRa were retrieved from ENSEMBL (www.ensembl.org/). The miRNA 
sequence was retrieved from miRBase (http://microrna.sanger.ac.uk/sequences/). 
For primer design, Primer3 software was used (http://frodo.wi.mit.edu). Precursor 
of miR-128-2 was cloned in pSilencer 4.1 vector (Ambion, Austin, TX, USA) as 



described 27 and this miR-128-2 expression vector is designated as p(128) 
throughout the manuscript. In brief, a 705-base pair genomic sequence spanning 
mature miR-1 28 was amplified by PCR from human genomic DNA using the 
following primers: forward primer S'-CCGCCGGGATCCGCAGAAAGTCAAC 
CATGTCC-3' and reverse primer 5'-CGCCGAAGCTTATCC TTGGCAAGAAC 
TGCAC-3' having BamH1 and Hindlll restriction sites. Amplified fragment was 
cloned in pSilencer4.1 vector (Ambion) and designated as p(128). Negative control 
is the pSilencer 4.1 vector that express a hairpin siRNA with limited homology to 
any known sequence in human (Ambion). 3'UTR reporter construct of ABCA1 
(ENST00000374736, insert size = 3340 nt) and ABCG1 (ENST00000398449, 
insert size = 861 nt) were purchased from OriGene (OriGene, Rockville, MD, 
USA). To generate the 3'UTR reporter construct of RXRa, a full-length 3'UTR of 
RXRa mRNA (ENST00000481739, 405 nt) containing the predicted binding sites 
for miR-128-2 was cloned into pMIR-REPORT Luciferase Vector (Ambion) 
between Spel and Hindlll restriction sites and designated as RXRa 3'UTR. 
The plasmids were sequenced to ensure accuracy. 

Cell culture and transfections. HEK293T (Human embryonic kidney), 
HepG2 (Liver hepatocellular carcinoma) and MCF7 (Breast cancer) cell lines were 
procured from National Centre for Cell Sciences (NCCS), Pune, India and 
maintained in DMEM containing 10% (v/v) fetal calf serum, 100 Units/ml penicillin, 
100 //g/ml streptomycin, 0.25 ^g/ml amphotericin at 37 °C in a humidified 
atmosphere at 5% C0 2 . 

Approximately 2.5-3 x 10 5 cells of HEK293T/MCF7 were seeded in six-well 
plates (for western and real-time PCR) and 5 x 10 4 cells were seeded in 24-well 
plates (for luciferase and cholesterol assays) for overexpression studies. 
Transfections of these cells were done with pre-miRNA plasmid namely p(128) or 
negative control and/or anti-miR-128 and/or SAM (Dharmacon, CO, USA) using 
Lipofectamine 2000 (Invitrogen, CA, USA) reagent according to manufacturer's 
protocol. HepG2 (1 x 10 6 ) cells were transfected with pre-miRNA plasmid namely 
p(128) or negative control and/or anti-miR-128 and/or SAM via electroporation using 
the nucleofector kit V and Nucleofector II device (Amaxa Biosystem, Lonza, MD, 
USA) (program T028). The cells were harvested 24 h post transfection by 
trypsinization and used for all the experiments. ON-TARGETplus SMARTpool 
siRNAs for human SIRT1 and Non-targeting siRNA SMARTpool were purchased from 
Dharmacon and transfected into the cells for 48 h. SIRT1 ORF construct was 
purchased from Addgene (Addgene plasmid 13735, Addgene, Cambridge, MA, 
USA) 57 The cells were also treated with 10/i/l synthetic LXR ligand TO901317 
(Cayman Chemical, Ann Arbor, Ml, USA) and 25 ^M BODIPY-cholesterol 
(Top Fluor-Cholesterol, Avanti Polar Lipids, Alabaster, AL, USA) wherever indicated. 

Luciferase reporter assays. HEK293T cells were seeded into 24-well 
plates 1 day before transfection. Co-transfection of 200 ng of firefly luciferase 
containing 3'UTR reporter construct (ABCA1 or ABCG1 or RXRa) and/or 200 and 
400 ng of pre-miRNA plasmid namely p(128) or negative control along with 30 ng 
pRL-CMV plasmid that expressed renilla luciferase (Promega, Madison, Wl, USA) 
using Lipofectamine 2000 (Invitrogen). Anti-miR-128 (30 or 60 nM; Dharmacon) 
and SAM were also used wherever indicated. After 24 h of transfection, luciferase 
activity was measured using the Dual-luciferase assay kit as described by the 
manufacturer (Promega). Firefly luciferase activity was normalized to renilla 
luciferase activity and then compared with that transfected with the pMIR-control 
vector (without ABCA1/ABCG1/RXRa 3'UTR). These experiments were 
performed in triplicates. 

Real-time PCR and Taqman microRNA assay. Total RNA from 
transfected/untransfected cells/mice tissues was extracted with the Trizol reagent 
(Invitrogen) and reverse transcription was carried out with RevertAid H Minus first 
strand cDNA synthesis kit as per the manufacturer's instructions (Fermentas, 
Glen Burnie, MD, USA). Real-time PCR was performed using cDNA with SYBR 
Green PCR master mix (Applied Biosystems, Foster City, CA, USA) in an ABI 
Prism 7500 Sequence Detection System (Applied Biosystems) and amplifications 
were performed in triplicate and repeated thrice as described. 58 Results were 
normalized with 18S rRNA and analysis was done using the Pfaffl's method. 59 
Primers used for the detection of expression levels of ABCA1, ABCG1, HMGCR, 
HMGCS1, LXRa, LXR/?, LDLR, RXRa, SREBP1, SREBP2 and 18s rRNA are 
listed in Supplementary Table S1. Primers specific for mice genes viz. ARPP21, 
ABCA1, ABCG1, GAPDH and SREBP2 are listed in Supplementary Table S2. 

TaqMan microRNA assays (Applied Biosystems) that include specific RT primers 
and TaqMan probes were used to quantify the expression of mature miR-1 28 
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(AB Assay ID 002216), as described by the manufacturer. 18S rRNA (AB Assay ID 
4333760F) was used for normalization. The reaction was incubated in a 7500 
Real-Time PCR System (Applied Biosystems) in 96-well plates at 95 °C for 10 min, 
followed by 40 cycles of the following steps: 95 °C for 1 5 s and 60 °C for 1 min. The 
real-time PCR data were analyzed using Pfaffl's method. 59 

Cholesterol quantitation. Cholesterol content was determined in the 
human cells as well as in serum obtained from mice using cholesterol quantitation 
kit (BioVision, Milpitas, CA, USA) according to the manufacturer's instructions. In 
brief, 10 6 untransfected and transfected cells were lysed and lipids were extracted 
by homogenization with 200^1 of chloroform: isopropanol: NP-40 (7:11:0.1). 
These lipid extracts were vacuum dried for 30 min and the residues were dissolved 
in 200 fj\ cholesterol assay buffer provided with the kit. Cholesterol was estimated 
by spectrophotometry at A = 570nm in a 96-well plate according to the 
manufacturer's instructions. The cholesterol levels were normalized to amounts of 
total cellular protein. 60 

BODIPY-cholesterol efflux assay. BODI PY-cholesterol was purchased 
(TopFluor-Cholesterol, Avanti Polar Lipids) and stock solution was prepared at 
5mM in DMSO. Briefly, HepG2/ MCF7 and HEK293T cells were cultured in 
24-well plates and loaded with 25 of BODIPY-cholesterol in culture medium for 
2 h at 37 °C. Cells were rinsed twice with physiological buffer (140 mM NaCI, 5 mM 
KCI, 1 mM CaCI 2 , 1 mM MgS0 4 , 5mM glucose, 20 mM HEPES, pH 7.4) and then 
transfected with pre-miRNA plasmid namely p(128) or negative control or 
anti-miR-128 or SAM for 24 h. Ten micrometers synthetic LXR ligand T0901317 
was also added to the untransfected cells for 18 h, to act as positive control. The 
cell supernatant was centrifuged for 5 min at 6800 g, and the BODIPY 
fluorescence intensity in the supernatants was measured in a plate reader 
(Tecan, Seestrasse, Mannedorf, Switzerland) at excitation 490±10nm; and 
emission 520±20nm as described in. 61 

Protein preparation and western blotting. We performed western 
blotting as described 62 using untransfected and transfected cells (with p(128) and/ 
or negative control and/or anti-miR-128 and/or SAM and/or SIRT1 siRNA and/or 
SIRT1 ORF) after 24 h of transfection. In brief, cells were trypsinized and lysed 
with modified RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCI, 1% NP40, 
0.25% Na-deoxycholate, 1 mM EDTA) containing protease inhibitors (1 /ig/ml 
aprotinin, 1 ^gml leupeptin, 1 /^g/ml pepstatin, 1 mM PMSF, 1 mM sodium 
orthovanadate and 1 mM sodium fluoride) for 30 min on ice. The lysates were 
centrifuged at 12000 r.p.m. for 30 min at 4°C and the supernatant was collected. 
Protein concentration was determined by BCA (Sigma, St Louis, MO, USA) 
method. Equal amount of proteins (30-50 /^g) were separated on 10-12% SDS 
polyacrylamide gel electrophoresis and transferred to PVDF membrane (Mdi; 
Advanced Microdevices, Ambala Cantt, India). Membrane was blocked using 5% 
skimmed milk for 1 h at RT and incubated with primary antibodies in 1% skimmed 
milk for 2 h followed by incubation with their respective secondary antibody for 1 h. 
Primary antibodies for SREBP2, SREBP1, ABCA1, RXRa, SIRT1 proteins were 
from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The primary 
antibody for ABCG1 was purchased from Abeam (Cambridge, MA, USA) and 
^-tubulin was purchased from Sigma (Sigma). The secondary antibodies were 
HRP-linked and blots were developed using enhanced chemiluminiscence 
(Thermo Scientific, Waltham, MA, USA). Integrated density values were calculated 
using Alphalmager 3400 (Alpha InnoTech, San Leandro, CA, USA). These values 
were then normalized to p tubulin. All experiments were repeated at least three 
times; representative results are presented here. Western blot analysis for ABCA1 
and ABCG1 was done under the influence of TO901317 wherever indicated. 

Quantitation of triglyceride contents in serum sample. Serum was 
obtained from the mice fed normal or high-fat diet. Triglyceride levels were 
estimated using Triglyceride quantification kit (BioVision) according to manufac- 
turer's instructions. 

Statistical analysis. Results are given as mean of three independent 
experiments ±S.E.M. An independent Student's two-tailed f-test was performed 
using replicate values. Values of P<0.05 were considered statistically significant. 
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